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Abstract. Using resonant x-ray scattering at the Mn K-edge, we have investigated the nature of 
the charge and lattice modulation in the La1-xSr1+xMnO4 (x=0.5 and 0.6) manganites. Resonant 
reflections (h± , h± ) and (h±2 , h±2 ) of the tetragonal I4/mmm structure with a 
modulation vector of 2 =1-x were found in the insulating phases of both manganites but the 
intensity of these reflections is much weaker for La0.4Sr1.6MnO4. Resonant x-ray scattering data 
for the two samples are well explained by the presence of two types of sinusoidal modulations 
of the oxygen displacements, transverse and longitudinal to the tetragonal [110] direction.                   
The amplitude of the oxygen displacements for any of the modulations decreases with the hole 
doping, in agreement with the change from a commensurate (x=0.5) to an incommensurate 
(x=0.6) ordered phase. The different polarization and azimuthal behaviour of the two sets of 
resonant reflections rule out any kind of stripe model composed by Mn
3+
-like and Mn
4+
-like 
charge-ordering. The maximum charge disproportionation among the different Mn atoms in the 
unit cell is about 0.15 e
-
 and 0.04 e
-
 for the x=0.5 and x=0.6 samples, respectively. These 
results thus confirm the existence of a charge-density-wave ordering in both the 
commensurate-phase of the half-doped La0.5Sr1.5MnO4 and the incommensurate-phase of the 
over-doped La0.4Sr1.6MnO4 manganites. 
1. Introduction 
In recent years, a large number of studies have been performed on the charge-orbital ordering (COO) 
of eg electrons in mixed-valence manganites. Single-layered La1-xSr1+xMnO4 manganites have the 
tetragonal K2NiF4-type fundamental structure based on alternating stacking of MnO2 and rock-salt 
type (La,Sr)2O2 layers. In this system, the concentration of eg electrons on the Mn sites (ne) can be 
described as 1-x above x=0.5 [1,2] and it exhibits the formation of superstructures that have been 
related to the ordering of charge and orbital of these eg electrons at low temperatures, as well as other 
RE1-x(Sr/Ca)xMnO3 (where RE stands for rare earth) manganites. The superlattice reflections have 
been observed for any 67.05.0 x  [1,2] doping level, or commensurate and incommensurate eg 
electron concentration of 5.033.0 x . The wave vector of the structural modulation can be 
described by q=(1-x)a*, where a* is the reciprocal lattice vector. For x=0.5 (i.e. with a formal valence 
of Mn
+3.5
), the low temperature insulating phase has been long described in terms of stripes of 
localized charges at atomic sites, where the Mn
+3.5
 is split between Mn
3+
 ions surrounded by Jahn-
REXS 2013 — Workshop on Resonant Elastic X-ray Scattering in Condensed Matter IOP Publishing
Journal of Physics: Conference Series 519 (2014) 012008 doi:10.1088/1742-6596/519/1/012008
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd 1
  
 
 
 
 
Teller oxygen distorted octahedra and Mn
4+
 ions at undistorted sites following a checkerboard pattern 
[3]. However, we have recently shown that the COO transition in La0.5Sr1.5MnO4 originates from the 
structural transition that lowers the crystal symmetry from the tetragonal I4/mmm to the orthorhombic 
Cmcm driven by the condensation of three phonon modes acting on the oxygen atoms [4]. The 
condensation of these modes establishes the checkerboard ordering of two different Mn sites, the 
charge disproportionation between them being about 0.2 electrons. For x>0.5, incommensurate COO 
occurs and recent works have produced conflicting evidence about the nature of this incommensurate 
superstructure, because some studies are supporting a stripe model with charges localized at the 
atomic Mn sites [5] and others are indicating the formation of a charge-density wave with a periodic 
modulation of charge density at the atomic Mn sites [6]. The results of our resonant x-ray scattering 
study in La0.4Sr1.6MnO4 [7,8] point out to the charge-density-modulation picture due to the presence of 
oxygen displacements sinusoidal-modulated along and perpendicular to the tetragonal [110] direction.   
 In the present paper, we show that the resonant x-ray scattering data at the Mn K-edge of the 
superlattice reflections in single-layered La1-xSr1+xMnO4 for all doping levels 5.0x  are consistent 
with the description in terms of charge-density waves, even at commensurate doping. 
2. Experimental details 
Single crystals of La0.5Sr1.5MnO4 and La0.4Sr1.6MnO4 were grown by the floating-zone technique. The 
growing was carried out at 2 bars of O2 with a growth speed ranged between 10 and 12 mm per hour 
[9]. X-ray diffraction measurements on crushed crystals show patterns typical of single phase 
tetragonal I4/mmm structure at room temperature. The single crystals were cut and polished in the 
(110) plane in the tetragonal setting. 
 Mn K-edge resonant x-ray scattering experiments were performed at the ID20 beam line [10] at the 
ESRF. The single crystals were mounted in a four-circle vertical diffractometer that is equipped with a 
closed-cycle helium refrigerator and a Cu (220) crystal analyser for performing - ’ and - ’ 
polarization measurements. Energy scans across the Mn K absorption edge were measured and 
corrected for absorption using the experimental fluorescence. Azimuth scans at the resonance energy 
were recorded by rotating the sample around the scattering vector Q, =0º for  polarization vector 
parallel to the tetragonal [-110] direction. Theoretical calculations of the anomalous atomic scattering 
factor tensors as a function of the photon energy for the different crystallographic Mn sites were 
carried out using the FDMNES code [11].    
3. Results and discussion 
The low temperature phase in the two studied single-layered manganites is no longer tetragonal but 
orthorhombic, whose unit cell is metrically related to the tetragonal one as ttt caa 22  (at and ct 
being the tetragonal lattice parameters). From here on, we refer to this small orthorhombic cell for 
comparison purpose. However, the superstructure cell for the La0.5Sr1.5MnO4 sample with a 
commensurate doping level of x=0.5 is doubled along the orthorhombic ao-axis (tetragonal [110]) 
whereas for the La0.4Sr1.6MnO4 sample with an incommensurate concentration of x=0.6, it becomes 
commensurate with five cells along the ao-axis. The formation of these superstructures is clearly 
confirmed by the appearance of resonant super-lattice (h± , h± , 0) and (h±2 , h±2 , 0) reflections in 
the tetragonal setting with a modulation vector 2 x  Figure 1 compares the energy dependences of 
some of these characteristic reflections of the superstructures of both La0.5Sr1.5MnO4 and 
La0.4Sr1.6MnO4 samples. The (1.4, 1.4, 0) and (1.6, 1.6, 0) reflections in the x=0.6 sample show the 
same energy and moderate azimuthal dependence as the (1.5, 1.5, 0) reflection in the x=0.5 sample, as 
displayed in Fig. 1(a). In the - ’ polarization channel, both reflections display non-resonant and 
resonant scattered intensities. The major difference between the two samples concerns the intensity of 
these superlattice reflections. The non-resonant (Thomson) scattering is about 100 times stronger for 
the (1.5, 1.5, 0) reflection than for the (1.4, 1.4 0) and (1.6, 1.6, 0) ones. Since the non-resonant 
scattering is caused by the atomic displacements breaking the tetragonal symmetry, these 
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displacements might be significantly larger in the x=0.5 sample and decrease with the hole doping. On 
the other hand, the energy spectrum of both, (1.75, 1.75 0) and (1.8, 1.8, 0) reflections corresponding 
to the x=0.5 and x=0.6 samples, respectively, shows similar clear resonant feature in the - ’ 
polarization channel, without the non-resonant signal. This indicates that these reflections are 
forbidden by symmetry and they shall be classified as anisotropy of the tensor of susceptibility (ATS) 
reflections [12]. Figure 1(b) also shows the same strong azimuthal dependence of  period for the two 
forbidden reflections. These ATS reflections are permitted due to the presence of a distortion of the 
MnO6 octahedron. The fact that the (1.8, 1.8 0) reflection in the x=0.6 sample is reminiscent of the 
(1.75, 1.75 0) reflection in the half-doped sample suggests that a similar distortion of the MnO6 
octahedron occurs for both compositions. However, the intensity of the (1.75, 1.75, 0) reflection on 
resonance is also one order of magnitude stronger than that of the (1.8, 1.8, 0) one, which indicates 
that the distortion is smaller for the incommensurate structural modulation.       
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Figure 1. (a) Comparison of the energy dependence of the (1.4, 1.4, 0) and (1.6, 1.6, 0) reflections for 
La0.4Sr1.6MnO4 and the (1.5, 1.5, 0) reflection for La0.5Sr1.5MnO4 at T=80 K close to the Mn K-edge in 
the - ’ polarization channel for different azimuthal angles. (b) Comparison of the energy dependence 
of the (1.8, 1.8, 0) forbidden reflection for La0.4Sr1.6MnO4 and the (1.75, 1.75, 0) forbidden reflection 
for La0.5Sr1.5MnO4 at T=80 K close to the Mn K-edge in the - ’ polarization channel for different 
azimuthal angles. 
 
 The resonant x-ray scattering data point to a structural modulation for the incommensurate x=0.6 
sample that seems to be the same as for the commensurate x=0.5 sample, except for the magnitude of 
the atomic displacements. Therefore, we can consider two different models to simulate the energy, 
azimuthal and polarization dependence of the intensity of the reported superlattice reflections: (a) the 
bimodal charge-stripe model with two different Mn sites and (b) the sinusoidal-lattice modulation 
model with either two or five types of Mn sites for the x=0.5 and x=0.6 samples, respectively. In the 
case of the x=0.6 sample, the two possible bimodal charge-stripe models cannot explain the lack of -
’ and - ’ intensity for the (h± , h± , 0) and (h±0.4, h±0.4, 0) reflections, respectively [7,8]. 
Thus, we propose the presence of sinusoidal-lattice modulations in the low-temperature insulating 
phases of both commensurate and incommensurate single-layered La1-xSr1+xMnO4 ( 5.0x ) 
manganites. Since the terms in the Mn anomalous atomic scattering tensor (
Mn
f ) are mainly 
determined by the local structure around the Mn atom, a modulation of the oxygen atoms in the MnO6 
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octahedron will induce the same kind of modulation for 
Mn
f . In the present case, a longitudinal 
modulation of the oxygen atoms along the ao-axis given by )22cos(0 nxx , n being the 
position of the oxygen atom in the super-cell; the same kind of modulation acting on the apical oxygen 
atoms (along the co-axis) and a transverse modulation along the bo-axis given 
by )]2sin()2[cos(0 nnyy  are used. In Fig. 2, we show this superstructure model, 
with either two or five kinds of MnO6 octahedra, for La0.5Sr1.5MnO4 and La0.4Sr1.6MnO4, respectively. 
 
Figure 2. Proposed superstructure models for x=0.5 (lower panel) and x=0.6 (upper 
panel) showing longitudinal and transverse oxygen modulations in the orthorhombic a0-
b0 plane. The respective sinusoidal Mn valence modulation as a function of position is 
also indicated.  
 We have then calculated the Mn anomalous atomic scattering tensor (
Mn
f ) for each of the non-
equivalent MnO6 octahedra using the FDMNES code [11] for a cluster radius of about 5 Å and taking 
into account the modulation of the MnO6 distortion amplitude along the three orthorhombic 
crystallographic axes as described above. Only the diagonal fxx, fyy and fzz components as well as the 
out-of-diagonal fxy components of the anomalous atomic scattering tensor are found to be different 
from zero. The structure factors of the orthorhombic reflections (h’, 0, 0) with h’=4(h±0.5) [or 
h’=4(h±0.25)] for x=0.5 and h’=10(h±0.4) [or h’=10(h±0.2)] for x=0.6 are given by the following 
expression, )2exp()0,0,( '' Mnp
p
Mnp xhifhF , where xMnp is the position of the Mn atom along 
the a0-axis. In the model of the commensurate half-doped sample, xMnp=0.25·p (p=0,1,2,3) whereas in 
the incommensurate x=0.6 sample, xMnp=0.1·p (p=0,1,2,3,4,5,6,7,8,9). This formulation reproduces 
well the observed azimuthal and polarization dependencies [7, 8]. Fits to the scattered intensities allow 
us to obtain the maximum distortions for the longitudinal, transverse and apical modulations as well as 
the maximum charge disproportionation among the different Mn atoms (see figure 2). Both, oxygen 
displacements and charge disproportionation strongly decrease with hole doping in agreement with the 
experimental observation of much weaker superstructure reflections in the x=0.6 sample. 
 Finally, the intensity of both types of superstructure reflections decreases with increasing 
temperature and vanishes at TCO ~ 230 K for La0.5Sr1.5MnO4 and 240 K for La0.4Sr1.6MnO4, as shown 
in Fig. 3. This indicates that the two types of reflections are correlated with the occurrence of the 
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orthorhombic distortion. However, some differences are observed in the temperature evolution of the 
intensity between the super-lattice and the forbidden reflections close to TCO. The slightly different 
temperature dependence might be related to the hierarchy of the longitudinal and transverse structural 
modulations driven by the phase transition.  
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Figure 3. Integrated intensities of the (h± , h± , 0) and (h±2 , h±2 , 0) 
superstructure peaks with 2 =1-x as a function of temperature for the two 
samples with doping x=0.5 (open symbols) and x=0.6 (filled symbols). 
  
 In summary, this resonant x-ray scattering study demonstrates the occurrence of (h± , h± , 0) and 
(h±2 , h±2 , 0) superstructure reflections associated to the tetragonal to orthorhombic structural 
transitions in the La1-xSr1+xMnO4 ( 5.0x ) manganites with 2 =1-x. Regardless of the commensurate 
(x=0.5) or incommensurate (x=0.6) character of the super-structural order, (h±2 , h±2 , 0) reflections 
originate from sinusoidal oxygen motions longitudinal to the modulation direction whereas (h±2 , 
h±2 , 0) reflections arise from sinusoidal oxygen motions transverse to the modulation direction. The 
different energy, polarization, azimuthal and temperature dependencies shown by the two types of 
superstructure reflections confirm that the 2  modulation does not correspond to the second harmonic 
of the modulation. Therefore, the continuous charge-orbital density wave model gives a better 
description for the low temperature ordered phases in single-layered La1-xSr1+xMnO4 for all doping 
levels 5.0x  than any charge-stripe model.  
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